on the optically bright, doubly degenerate transitions in singly-charged quantum dots, the optical selection rule dictates that the resonance fluorescence photons are randomly right or left circularly polarized. For many quantum information applications which requires input single photons in a fixed polarization state, passive polarization filtering is needed to project into a single polarization, which reduces the system efficiency by at least a factor of 2.
The other reason is associated with the use of the resonant excitation method that requires suppression of the pump laser light having the same frequency as the single photons. So far, the most effective method is polarization filtering 15, 25 , where a linearly polarized laser excites the quantum dot, and a cross polarizer in the collection arm extinguishes the scattering laser background. However, such a polarization filtering again reduces the system efficiency of the quantum-dot single photons by at least a factor of 2. One possible remedy is to excite the quantum dot from the side into the waveguide mode of the micropillar and collect single photons from the top. Yet, the spatially-orthogonal excitation-collection methods 26, 27 were only attempted in lowPurcell and non-polarized quantum dot devices and didn't realize background-free, high-performance single-photon sources. Therefore, overcoming the outstanding challenge of 50% efficiency loss has remained the most difficult and final challenge for an ultimate high-performance single-photon source, both theoretically and technologically.
Theoretical scheme
To develop a polarized single-photon source with simultaneously near-unity system efficiency and near-unity indistinguishability, we (1) break the original polarization symmetry of the quantum dot emission, and (2) develop a new way for backgroundfree resonance fluorescence without sacrificing the system efficiency. Here, for the first time, we put forward a feasible proposal that kills the two birds with one stone and report its experimental demonstrations. A general framework of our protocol is shown in Fig. 1a . The key idea is to couple a single quantum dot to a geometrically birefringent cavity in the Purcell regime. The asymmetric microcavity is designed such that it lifts the polarization degeneracy of the fundamental mode and splits it into two orthogonal linearly polarized-horizontal (H) and vertical (V)-modes, with a cavity linewidth of  and a frequency separation of   . Suppose a single-electron charged quantum dot, which is a degenerate two-level system, is brought into resonance with the cavity H mode, and off-resonant with the cavity V mode with a detuning of   . The cavity redistributes the spontaneous emission rate of the quantum emitter into the H and V polarizations with a ratio of Having singled out a polarized two-level system, we further need to develop a way for resonantly driving the quantum dot transition and for obtaining near-backgroundfree collection of the resonance fluorescence, which is another outstanding challenge by its own. Our method is compatible with the cross-polarization technique but has little loss of single-photon system efficiency. The excitation laser's polarization is set to be V, while in the output, an H polarizer-aligned with the dominant polarization of the Purcell-enhanced single photons-is used to extinguish the pump laser scattering. Note that our protocol favors a suitable /    ratio, practically in the range of 1.5-3. As the V-polarized excitation laser off-resonantly couples to the V-cavity mode at the emitter's transition (Fig. 1a) , the π-pulse driving power needs to be moderately stronger compared to the case with an isotropic microcavity (the increasing factor is calculated and plotted in Fig. 1b ). For example, at / 2.5
  
, the excitation laser power is estimated to be ~7 times higher.
The protocol is applicable in many photonic structures [8] [9] [10] [11] such as micropillars
Elliptical micropillar
The GaAs/InAs micropillars with elliptical cross section were first studied by Gayral In this work, we use two-color photoluminescence imaging to determine the position of single quantum dots preselected with bright emission and narrow linewidth 29 . With suitably low quantum dot density (~4×10 7 cm -2 ), the wide-field optical imaging method can obtain a position accuracy of ~22 nm (see Fig. 2a and Supplementary Information).
This allows us to deterministically etch the micropillar with the quantum dot in the center of the cavity, which is important for an optimal emitter-cavity coupling.
The micropillar devices in our experiment have elliptical cross sections (see Fig. 2a) with major (minor) axis diameter of 2.1 µm (1.4 µm). The elliptical micropillar is characterized using non-resonant excitation with a ~780 nm c.w. laser at high power. GHz. The M1 and M2 modes correspond to the minor and major axis, with quality factors of 4075 and 5016, respectively. A modest reduction of the quality factor of M1 compared to M2 is due to the smaller micropillar diameter. Polarization-resolved measurements (see Fig. 2c ) confirm that the polarization of M1 (M2) is parallel to the minor (major) axis which we label as V (H), with a high degree of polarization of 99.7%
(99.6%), which confirms symmetry-broken, highly-polarized nature of the microcavity.
Elliptical Bragg grating
The circular Bragg grating bullseye microcavities, which tightly confine the light in a sub-λ transverse plane, were previously fabricated on quantum dots 28,29 and diamond nitrogen-vacancy centers 40 for enhancing their collection efficiencies. Recently, a thin low-refractive-index SiO2 layer and a gold mirror 31,41-47 was added at the bottom of the bullseye to redirect the downward propagating light towards the top, thus improving the collection efficiency to near unity. Here, for the first time, we break the polarization symmetry of the circular Bragg grating and design it as a geometrically birefringent
Purcell cavity.
The spectral resonance of the bullseye cavity is strongly sensitive to the radius of the central disk and the grating period. It was previously shown that a 1-nm change of the central disk radius (grating period) causes a 1.14 nm (0.25 nm) shift of the cavity mode 46 . Thus, a 1% ellipticity, which is 23 times smaller than that of our elliptical micropillar, is sufficient to induce a suitable cavity mode splitting. This is favorable for producing a near-Gaussian far-field emission profile. facilitates the emitter-cavity spectral alignment. As shown in Supplementary Fig. 7 , the design can ideally yield a high Purcell factor of >20 in a few nm wavelength range.
Polarized indistinguishable single photons
The samples are placed inside a bath cryostat with the lowest temperature of 1.5 K.
A confocal microscope is used to excite the quantum dot and collect the emitted single photons. Following our protocol shown in Fig. 1a , driven by a V-polarized laser, the H- polarized photons-of 92.3% for the generated single photons from the polarized micropillar device. Thus, the single-photon source suffers a loss of 3.8% due to polarization only, whereas the previous resonance fluorescence experiments lost at least 50% photons in polarization filtering 16, 17, 20, 22 . Similarly, in the elliptical bullseye device, we detect 12.4 million polarized resonance fluorescence for a π pulse. To our knowledge, this is the first time that resonance fluorescence is observed for the quantum dot two-level systems in the bullseye membrane structures.
A detailed photon loss budget analysis for both devices, including quantum radiative In the diagram shown in Supplementary Fig. 12 , we put forward a realistic blueprint (or recipe) towards engineering of all-perfect single-photon devices. This diagram involves a series of key steps; all these steps must be successfully implemented to deliver final working devices. Special attention should be paid which are listed below.
1. It started from molecular beam epitaxy growth of self-assembled quantum dots.
The quantum dots should have near-unity quantum efficiency in the single-photon emission. This means that atomic defects need to be minimized during the growth.
2. For the fabrication of micropillars cavity later on, suitable layers of distributed Bragg reflector (DBR) mirrors should be monolithically grown below and above the quantum dot layer. The numerical simulation 11 has suggested that a cavity Q value of ~10,000 would be a sweet point to obtain both high efficiency and indistinguishability.
3. For the optical imaging and deterministic positioning of the quantum dots, the asgrown sample should have a low density so that the quantum dots are sufficiently separated.
4. Appropriate wide-field imaging (or other methods) should be performed and ensure a <20 nm positioning precision such that the dots are spatially maximally coupled to the cavities.
5. Special attention needs to be paid to the shift of both the DBR cavity resonance frequency and the quantum dot emission wavelength before and after the micropillar etching. Such shifts need be taken into account in the previous steps when pre-selecting good quantum dot candidates with bright and narrow line emissions.
6. Predict the final micropillar Q value. Based on the Q, empirically determine an appropriate major and minor axis diameter and ellipticity for polarizationcontrolled single photon emission. 9. Resonantly and efficiently drive the quantum dot two-level system using an ultrafast laser pulse. The pulse duration should be much shorter than the radiative decay time of the two-level system to minimize the time jitter of the emitted single photons 14 .
10. Achieve a sufficient suppression of the laser leakage using a combination of techniques including cross-polarization (only by using the method reported in our current paper is the single-photon efficiency not sacrificed), spatially orthogonal excitation (from side) and collection (from top), and/or spectrally orthogonal twocolor resonant excitation 15 .
Supplementary References:
